Praziquantel (PZQ) is currently the only drug widely used for the treatment of schistosomiasis
online | memorias.ioc.fiocruz.br Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 106(7): 814-822, November 2011 Schistosomiasis remains a major health problem in many tropical areas. It is currently estimated that over 200 million people are infected and nearly 800 million others are at risk of infection. Schistosomiasis causes 280,000 deaths annually and more than 20 million individuals experience high morbidity from the disease (King et al. 2005 , Steinmann et al. 2006 , Sayed et al. 2008 . Praziquantel (PZQ) is currently the drug of choice for the treatment of schistosomiasis, but its widespread use has led to concern that the emergence of PZQ-resistant schistosomes may eventually render it obsolete (Botros & Bennett 2007 , Caffrey 2007 . However, it is unclear whether schistosomes have developed clinically relevant levels of resistance to PZQ. Botros et al. (2005) has cast some doubt on previous reports of resistance (Ismail et al. 1996 (Ismail et al. , 1999 because no significant resistance was observed in the same region after 10 years of therapeutic pressure. While the likelihood of the development and spread of PZQ resistance is uncertain, the slightest possibility of resistance occurring reinforces the need for alternative treatments.
Various studies have sought to identify new drugs to use as alternatives to PZQ or in conjunction with PZQ (Fenwick & Webster 2006 , Abdulla et al. 2007 , Caffrey 2007 , Sayed et al. 2008 . Several promising leads have been identified, including analogues of the antimalarial artemisinin and the synthetic derivatives trioxane and trioxolane (Caffrey 2007 . The artemisinins artemether and artesunate, which are essential components of malaria treatment and control (White 2008) , also possess antischistosomal properties (Xiao et al. 2000 , Seif el-Din 2007 . Detailed in vivo studies revealed that schistosomula are particularly susceptible to the artemisinins and that a moderate reduction in worm burden can still be achieved for adult worms (Xiao et al. 2002) . A number of clinical trials carried out in different African settings confirmed that both artemether and artesunate are effective against Schistosoma haematobium and Schistosoma mansoni infections ). Interestingly, the antimalarial drug mefloquine (Mef) and its analogues have also been shown to have schistosomicidal activity (Keiser et al. 2009 ). Any shared mechanism of action that underlies the effects of the artemisinins and Mef on schistosomes and malaria parasites is still unclear.
Egypt has employed PZQ-based chemotherapy to control schistosomiasis at the community level and has sustained a national control program for a prolonged period and an impressive reduction in morbidity has been achieved (WHO 2000) . The renewed impetus for extendFinancial support: TBRIing schistosomiasis control throughout sub-Saharan Africa will likely rely on a greater use of PZQ than ever before (Engels 2002 , Fenwick 2003 . However, despite the success in controlling schistosomiasis with PZQ, there is a significant deficiency in the therapeutic profile of PZQ; the drug targets the adult worm but has only minor activity against the young developing stages (schistosomula) (Doenhoff et al. 2008 , Keiser et al. 2009 ). Therefore, a second treatment with PZQ is necessary to kill any parasites that matured after the first treatment. The need for retreatment presents an economic burden to poorer nations that will require external support to allow them to prioritise the control of schistosomiasis. Even with retreatment, the peculiar stage-specificity of PZQ means that some immature parasites will remain unaffected by the drug. These parasites can later mature to egg-producing adult worms and thus lead to apparent treatment failure. Treatment failure occurs most often in areas of high transmission and in individuals harbouring large numbers of maturing worms that escape the effects of PZQ (Sabah et al. 1986) . It is possible that drug combinations could prove useful by offsetting the shortcomings of individual agents (such as stage or species-dependence). Combination therapy may also provide mutual protection against the development of resistance (Geary et al. 2010) .
It should also be recognised that the use of artemisinin analogues and perhaps Mef, for the treatment of malaria might have additional benefits in areas that are also endemic for schistosomiasis , Keiser et al. 2009 ). A preliminary study by Xiao et al. (2011) on a Mef/PZQ combination therapy revealed that treating Schistosoma japonicum-infected mice with each of Mef or PZQ alone at single dose of 50 mg/kg has no apparent improvement in efficacy relative to that of the untreated infected control. The authors added that increasing the dose of both drugs to 100 mg/kg resulted in a statistically significant difference in female worm burdens between the PZQ group and combined treatment group. Moreover, Mef exhibits a direct killing effect against adult and juvenile S. japonicum in vitro, but juvenile schistosomes are more susceptible to in vitro exposure to Mef than the adult worms .
In this study, we tested the potential of Mef/PZQ combination therapy in two dose regimens in animals harbouring both immature and mature S. mansoni worms by examining parasitological criteria of cure represented by worm burden and distribution, tissue egg load and oogram pattern. The histopathology and function of the livers of the infected and uninfected animals after treatment were also investigated.
MATERIALS AND METHODS
Drugs and doses -Mef HCl (Mephaquin ® ) tablets were obtained (Mepha Ltd, Aesch-Basel, Switzerland, lot 0850074) and were administered orally as a fresh suspension in 7% (v/v) ethanol. Mef was administered as a high dose of 400 mg/kg or a reduced dose of 200 mg/kg (Keiser et al. 2009 ); each dose was divided in half and given on two consecutive days. PZQ tablets (Distocide ® , EIPICO, El-Asher Men Ramadan, Egypt) were administered orally as a suspension in 2% cremophore-El (Sigma-Aldrich Chemical Co, St. Louis, MO) in a high dose of 1,000 mg/kg (Gonnert & Andrews 1977) or a reduced dose of 200 mg/kg (Fallon & Doenhoff 1995) , which were also divided in half and given on two consecutive days.
Animals -One hundred and twelve male CD1 Swiss albino mice, average weight of 20 g ± 2, were bred and maintained at the Schistosome Biology Supply Center (SBSC) of Theodor Bilharz Research Institute (TBRI), Giza, Egypt. Animals were housed in a controlled temperature and light environment and were given water and commercial chow ad libitum. The animal experiments were conducted in the animal unit according to the international ethical guidelines after approval by the Institutional Review Board of TBRI.
Infection of animals -Cercariae of S. mansoni (Egyptian strain) were obtained from infected intermediate host snails maintained at the SBSC. Animals were infected with 80 ± 10 cercariae/mouse using the body immersion technique (Liang et al. 1987 ) and then reinfected 35 days after the first infection with 40 ± 5 cercariae/mouse.
Animal groups -Reinfected, untreated mice (I), reinfected mice treated with PZQ at a reduced dose of 200 mg/kg divided equally and administered on two consecutive days (II), reinfected mice treated with PZQ at a high dose of 1,000 mg/kg divided equally and administered on two consecutive days (III); reinfected mice treated with Mef at a reduced dose of 200 mg/kg divided equally and administered on two consecutive days (IV), reinfected mice treated with Mef at a high dose of 400 mg/kg divided equally and administered on two consecutive days (V), reinfected mice treated concomitantly with the reduced doses of both PZQ and Mef as in groups II and IV, respectively (VI), and reinfected mice treated concomitantly with the high doses of both PZQ and Mef as in groups III and V, respectively (VII).
Animals in all infected groups were treated with both Mef and PZQ 49 days after the first infection (14 days post reinfection) and were killed by rapid decapitation nine weeks after the first infection (28 days post reinfection). Comparable groups of uninfected mice were subjected to the same treatment schedule to evaluate the safety of PZQ/Mef combination therapy. After decapitation, blood was collected and sera were separated by centrifugation at 1,850 g for 10 min and stored frozen at -70ºC.
Assessment of parasitological criteria -To recover mature and immature worms for subsequent counting and determination of sex, the hepatic and mesenteric vessels of infected animals were perfused according to Duvall and De Witt (1967) without using general anaesthesia. The number of ova per gram of liver or intestinal tissue (tissue egg load) was counted according to the method of Cheever (1968) in which a piece of small intestinal or hepatic tissue was weighed before digestion in 5% KOH. The percentage of eggs in the different developmental stages (oogram pattern) was studied according to the method of Pellegrino et al. (1962) , in which eggs at different stages of maturity were identified (from I-IV) according to the size of the embryo and were counted. In addition, mature eggs containing fully developed miracidium and dead eggs (granular, dark and semi-transparent) from three fragments of the small intestine were counted and the mean numbers of eggs each stage were calculated.
Histopathology and granuloma measurement -Livers were harvested from the mice, fixed in 10% buffered formalin and processed to paraffin blocks. Sections (4 µm thick) were cut every 250 µm to avoid measuring the same granuloma. Five liver sections were prepared from each animal and stained with the haematoxylin and eosin and Masson trichrome stains. Measurements of the granulomas were conducted on non-contiguous granulomas, each containing a single egg (with intact or degenerated miracidia), using an ocular micrometre. The mean diameter of each granuloma was calculated by measuring two diameters of the lesion at right angles to each other (Von Lichtenberg 1962) . Thirty granulomas were measured from each mouse. Granuloma structural configurations, including cellular components and associated hepatic histopathological changes, were studied and the percentages of viable and dead eggs were also calculated.
Serum enzymes -The concentrations of alanine aminotransferase (ALAT), total proteins, albumin and urea in the collected sera were estimated using the available commercial kits.
Statistical analysis -Results were analysed with the use of the Statistical Package for the Social Sciences software (version 9.0). The values are expressed as the means ± standard error of the mean. The means of groups were compared with the use of an unpaired t-test.
For comparisons of more than two groups, an Analysis of Variance test was used. Data were considered significant at a p value < 0.05.
RESULTS
Parasitological studies - Table I shows that administering Mef to S. mansoni-reinfected mice in split oral doses of 200 mg/kg or 400 mg/kg for two consecutive days significantly (p < 0.001) reduced the numbers of immature male worms, immature female worms and total immature worms by 61.4% and 84.2%, 74.8% and 96.8% and 67.4% and 89.9%, respectively, compared with the untreated reinfected group. Mef administration at the above doses also significantly reduced the number of mature males, mature females and total mature worms by 28.3% (p < 0.01) and 56.7% (p < 0.001), 57.6% and 80.3% (p < 0.001) and 41.9% (p < 0.01) and 67.7% (p < 0.001), respectively. Moreover, significant decreases in the hepatic (28.7%, p < 0.05 and 50.9%, p < 0.001, respectively) and intestinal (79.8% and 87.5%, p < 0.001, respectively) tissue egg loads and in the percentage of immature eggs concomitant with a significant increase (p < 0.001) in the percentage of dead eggs were observed (Table II) .
Administering PZQ in split oral doses of 200 mg/kg or 1,000 mg/kg to S. mansoni-reinfected mice for two consecutive days significantly reduced the numbers of immature males, immature females and total immature worms by 31.1% (p < 0.05) and 48.2% (p < 0.001), 18.5% (p > 0.05) and 43.7% (p < 0.01) and 29.2% and 46.2% (p < 0.001), respectively, compared with the untreated S. mansoni-reinfected group. PZQ administration at the above doses also significantly reduced the total mature males, females and total mature worms by 55.2% and 96.6% (p < 0.001), 43% (p < 0.01) and 88.1% (p < 0.001) and 49.6% and 92.6% (p < 0.001), respectively (Table I) . This was accompanied by significant decreases in the hepatic (41.5%, p < 0.05 and 77.9%, p < 0.001) and intestinal (84.3% and 94.2%, p < 0.001) tissue egg loads, respectively, and in the percentage of immature eggs and a significant increase (p < 0.001) in the percentage of dead eggs was also found (Table II) .
The co-administration of PZQ and Mef in both reduced and high doses significantly enhanced (p < 0.001) the killing of immature and mature males, immature and mature females and total immature and mature worms and also reduced hepatic (p < 0.05; p < 0.001) and intestinal (p < 0.001) tissue egg burdens when compared with S. mansoni-reinfected groups treated with PZQ alone at either dose. Treatment of reinfected mice with PZQ + Mef at the reduced doses killed all immature females, while treatment with the high doses of each drug killed all mature and immature females. This was accompanied by a complete loss of immature eggs and an increase in the percentage of dead eggs (94.22% and 99.25%) in the groups treated with PZQ + Mef in reduced or high doses, respectively (Tables I, II) . No remarkable differences were observed between the groups treated with reduced doses of PZQ + Mef and the groups treated with high doses of PZQ + Mef in most of the assessed parameters.
Histopathological studies -Liver sections of untreated and treated uninfected mice showed normal hepatic lobular architecture with hepatocytes arranged in thin plates. The portal tracts were within normal limits and contained arteries, veins and bile ducts. The hepatocytes contained rounded, regular nuclei with lymphocytes scattered between hepatocytes and the sinusoids. Moreover, no hydropic, steatotic, feathery or ballooning changes, degeneration or apoptosis were observed (Fig. 1A-E) . Only scattered or focal collections of lymphocytes in between hepatocytes (focal spotty necrosis) were observed in liver sections of uninfected mice treated with either Mef alone at high dose (Fig. 1C) or combined with PZQ at high dose (Fig. 1E) .
Liver sections from S. mansoni-reinfected mice killed nine weeks after the first infection (28 days post reinfection) showed a typical large fibrocellular granuloma centred around living ova, including living miracidium and surrounded by lymphocytes, epithelioid cells, eosinophils, polymorphonuclear cells and fibrous tissue (Fig.  2A) . Compared to the reinfected untreated group, treatment with PZQ or Mef alone reduced the diameters of the granulomas by 28.08% and 26.26% (p < 0.01), respectively, with the reduced doses of each drug and reduced granuloma diameters by 39.39% and 32.53% (p < 0.001), respectively, with the higher concentration of each drug ( Fig. 2B-E , Table III ). Moreover, we observed a significant reduction in the granuloma diameters in groups treated with PZQ + Mef at the reduced dose (p < 0.01) or high dose (p < 0.05) in comparison with groups treated with the different doses of PZQ alone (Fig. 2F, G cantly increased (p < 0.01) the percentage of dead ova in the examined liver sections compared to the infected untreated group. Moreover, the percentage of ova degeneration was significantly increased in the liver sections from groups treated with PZQ + Mef at the reduced (p < 0.05) or high (p < 0.01) doses when compared to PZQ alone at its reduced or high dose, respectively (Table III) .
Enzyme assessments -Treatment of uninfected mice with PZQ, Mef or PZQ + Mef at the reduced and high doses did not alter the enzyme levels, which were measured to assess liver and kidney function (Table IV) . Reinfection of mice with S. mansoni significantly increased serum levels of ALAT (p < 0.001) and significantly decreased the levels of albumin (p < 0.001) and total protein (p < 0.01) and the albumin/globulin (A/G) ratio (p < 0.05) in comparison with the uninfected untreated group. Compared to reinfected untreated group, the ALAT level was significantly decreased in the groups treated with either PZQ (p < 0.01, p < 0.001) or Mef (p < 0.05, p < 0.01) alone at their reduced or high doses, respectively. Additionally, total protein levels were significantly elevated (p < 0.05) in groups treated with either PZQ or Mef at high doses and albumin was significantly elevated (p < 0.01) in the group treated with a high dose of Mef. Treatment with PZQ + Mef in reduced and high doses completely normalised the total protein and albumin levels and the A/G ratio, while ALAT was still higher than normal (Table IV) .
DISCUSSION
In the present study, we found that a dose of 200 mg/kg of Mef resulted in moderate reductions in the total number of mature and immature worms (41.9% and 67.4%, respectively) and 57.6% and 74.8% reductions in the number of mature and immature female worms, respectively. By increasing the dose of Mef to 400 mg/kg, the reductions in the number of total mature and immature worms were increased to 67.7% and 89.9%, respectively, with an 80.3% reduction in the number of mature females and a 96.8% reduction in the number of immature females. Nwaka and Hudson (2006) reported that Mef exceeds the benchmark criteria set forth by the World Health Organization (WHO) for highly active lead compounds, as they found a greater than 80% reduction in worm burden using the adult S. mansoni model and five consecutive Mef doses given intraperitoneally or subcutaneously. Keiser et al. (2009) exceeded the WHO criteria and showed that a single dose of Mef (200 mg/kg or 400 mg/kg) administered orally to mice infected with either young developing or adult S. mansoni (Liberian strain) resulted in a high or complete reduction of the total and female worm burden (72.3-100%). In contrast, Nassauw et al. (2008) reported that a dose of 150 mg/kg of Mef had no effect on worm burden, but reduced egg fecundity in the first three developmental stages of S. mansoni in the murine model. The discrepancy between our study and the previous investigations may be due to differences in the strain of S. mansoni used and should be examined further.
It has been shown that female S. mansoni worms become fully mature, egg-producing worms on day 35 if they are paired on day 28 (Clegg 1965) . Egg granulomas in livers and intestines are frequently detected from day 42 post infection onwards in mice (Miller et al. 1994) . Therefore, at the time Mef was administered to S. mansoni-reinfected mice, adult schistosomes had been producing eggs for two weeks and granulomas had been present for one week. All mice were sacrificed 28 days after reinfection (56 days after the first infection) to ensure that all eggs and granulomatous reactions observed were due to the first infection. This allowed us to avoid confusion due to the presence of sub-patient and patient infections. Administration of Mef alone at both the reduced and high doses resulted in a remarkable decrease in the percentage of immature eggs and a reduction in the hepatic and intestinal egg counts with a corresponding increase in the percentage of dead eggs. This was associated with greater granuloma circumscription, more ova degeneration and fewer inflammatory cells. In addition, the serum levels of ALAT, total protein and albumin were significantly improved.
Administration of PZQ alone at both reduced and high doses resulted in a decrease in the mature worms (49% and 92%, respectively) that was greater than the de- crease in immature worms (29% and 46%, respectively) and a greater reduction was found in the number of males than females. These observations were associated with a high reduction of immature hepatic and intestinal eggs, an increase in the percentages of dead eggs and granuloma circumscription and improved ALAT and total protein serum levels. In this investigation, the therapeutic efficacy of PZQ was slightly higher than Mef with regard to all parameters studied, except for the lower efficacy of PZQ against young worm stages when used in its reduced (29%) or higher (46%) dose. Although there was an advantage for treatment with Mef over PZQ because it reduces both mature and immature worms (68% and 90%, respectively) with female reduction reaching 80-97%, respectively, the efficacy of Mef against adult worms was not satisfactory (42-68%) when used in its reduced and higher dose respectively. This may be due to the use of a dose that is sublethal to adult worms of the Egyptian strain, for which higher doses may be more effective. Additionally, Keiser et al. (2009) reported that the Mef treatment consistently resulted in a greater reduction in worm burden than PZQ when used against all development stages of the schistosome worms in the rodent model. The use of Mef in combination with schistosomicidal agents that affect other stages of the parasite's life cycle may improve the treatment and control of schistosomiasis. Previous studies on the treatment of schistosomiasis with a combination of artemether and PZQ in humans and animals showed that combination therapy resulted in a significantly higher reduction in worm burden than administration of either drug alone (Utzinger et al. 2001 , Xiao et al. 2002 ). In the present study, concomitant administration of PZQ + Mef at reduced doses exceeded the effect of the reduced PZQ dose alone, with combination therapy resulting in a very high reduction in the numbers of total mature (95% vs. 49%) and immature worms (96% vs. 29%) and the complete eradication of immature and mature females as well as immature eggs. We also observed a high level of reduction in both hepatic and intestinal tissue egg loads and healing of hepatic granulomatous lesions, as evidenced by the presence of more degenerated eggs, more granuloma circum- scription, fewer inflammatory cells and normal levels of all tested liver enzymes. These effects are likely due to the dual actions of both the antimalarial Mef on the schistosomula and adult stages of the worm and the schistosomicidal PZQ on the adult stages of schistosome worms. Interestingly, no noticeable differences in the therapeutic efficacy were observed between the reduced and high doses of PZQ + Mef. Previous investigations on the morphology of schistosomes recovered from host animals after administration of PZQ (Mehlhorn et al. 1981) and observations made with schistosomes recovered from Mef-treated mice indicate different mechanisms of action (Keiser et al. 2009 ). Mef rapidly affects schistosomes, resulting in marked alterations of the digestive tract and the reproductive system of the adult worms. However, a direct effect of Mef on S. mansoni eggs cannot be excluded (Von Lichtenberg 1962) . Although nothing is known about the presence or expression of P-glycoprotein (P-gp) in S. mansoni eggs, P-gp has been observed in the external layers of the shells of eggs of the red stomach worm Haemonchus contortus, a parasitic nematode of ruminants, suggesting that P-gp inhibition might contribute to the elimination of parasitic eggs (Riou et al. 2005) .
Concerning the safety of both drugs, no side effects were observed for either dose of both drugs in the host animals. Animal behaviour was normal with 0% mortality. Liver and kidney function tests remained within the normal limits and liver histology showed no hydropic, steatotic, feathery or ballooning changes, degeneration or apoptosis. Only scattered or focal collections of lymphocytes between the hepatocytes (focal spotty necrosis) were observed in liver sections of uninfected mice treated with a high dose of Mef alone or combined with a high dose of PZQ. In general, the toxicity of PZQ was very low in both short and long-term experiments (Frohberg 1984) . Some adverse reactions are likely due to the release of cellular contents from dying schistosomes. This may well be the case with the most severe side effects, such as bloody diarrhoea or oedematous urticarial, which are encountered mainly in endemic areas (Polderman et al. 1984) . Mef is generally well tolerated by adults and children; however, there is evidence that Mef may harm the gastrointestinal and central nervous systems (AlKadi 2007) . Adverse reactions to Mef include insomnia, nausea, vomiting, diarrhoea, headache, dizziness, rash, pruritus and abdominal pain (AlKadi 2007). In addition, Nassauw et al. (2008) reported that Mef induces a severe mastocytosis in the intestinal wall, leading to intestinal inflammation and gastrointestinal disturbances due to mast cell recruitment to the intestine. This can result in visceral pain and disturb the motor and secretory functions of the intestine. Moreover, the neurotoxicity of Mef cannot be explained (Pham et al. 1999) . Another aspect worth mentioning when considering PZQ-Mef combination therapy is the argument that the antimalarial drugs should not be recommended for chemoprophylaxis or treatment of schistosomiasis in areas where malaria is co-endemic because of the risk of resistance development in the malaria parasites. This warrants further investigation into the mechanisms of Mef resistance.
In conclusion, Mef significantly reduces both worm burden (immature and mature) and egg production and returns liver histology and function to normal levels. The concomitant use of PZQ with Mef in reduced doses showed enhanced therapeutic efficacy compared with that of each drug alone. This was evidenced by the nearly complete eradication of immature worms, mature worms and eggs, healing of hepatic granulomatous lesions and normalisation of liver serum enzyme levels. Mef is safe at both doses (200 mg/kg and 400 mg/kg) whether used alone or in combination with PZQ. Accordingly, Mef could be used at a low dose in combination with a reduced dose of PZQ for the treatment of human schistosomiasis, thus potentially preventing treatment failures in areas with high rates of transmission. Therefore, the combination therapy may represent a cost-effective treatment regimen in developing countries.
